The objective of this research is to develop a macrophyte model for the growth of submerged aquatic vegetation in the Condoriri River. The processes included in the macrophyte model are: photosynthesis, dark respiration, excretion and non-predatory mortality. The influence of the nutrients, the discharge, solar radiation, and the water temperature on the growth of the aquatic plants was considered. Macrophyte biomass and the specific nutrient transport of TN (0.02 g·s -1 ·km -2 ) and TP (0.0035 g·s -1 ·km -2 ) were greater during the wet season than during the dry season. Good agreements were achieved between field measurements and the model predictions of macrophyte biomass. The proposed model predicted seasonal changes in the growth of the aquatic plants, despite their high spatial and temporal variations.
INTRODUCTION
Among the many factors that influence water quality, submerged aquatic plants may contribute significantly to the productivity of rivers, lakes and reservoirs. Their growth and decomposition influence biotic and abiotic components of the ecosystems. Physical factors (e.g. temperature, irradiance levels, and discharge) and physiological characteristics of the plant (e.g. nutrient requirements from water and sediments) control the growth of the aquatic macrophytes 1) .
Several research groups have produced simulation models for the growth of submerged macrophytes 2) . Numerous simple phosphorus models were developed with the assumption that primary trophic response of a water body to its nutrients would manifest in the form of phytoplankton, rather than aquatic macrophytes 3) .
Studies have rarely been oriented towards obtaining information on macrophyte modelling in tropical rivers. Nonetheless, simulation of the macrophyte growth seems a far less popular topic in aquatic vegetation science in the Andes aquatic ecosystems. Predictions on the macrophyte biomass in the Bolivian glaciers rivers remain unreported.
Researches are needed in order to understand the present conditions of the aquatic vegetation in the glacial rivers and lakes, and the influence of nutrients and physical parameters. Generating this knowledge base is pertinent for the management of water resources in the future.
In the Central Andes, 80% of the freshwater sources originate from the mountainous regions, affecting ecosystems and population downstream 4) . Many cities located above 2500 m depend almost entirely on high-altitude water stocks. Therefore, we focused on the Condoriri Glacier and its basin, which provides about 44% of drinking water to the two major cities in Bolivia (La Paz and El Alto). Furthermore, the watershed displays rich aquatic ecosystems, composed of rivers, lakes and wetlands.
Therefore, the aim of this research is to develop a macrophyte model for the growth of the submerged aquatic vegetation in the Condoriri River. Influential factors such as nutrients in water and sediments, the variation of the discharge, solar radiation, and the water temperature were considered. Field measurements were conducted to determine variations on discharge, macrophyte biomass, water temperature, and nutrients in water and sediments during both dry and wet seasons.
MATERIALS AND METHODS (1) Study area and meteorological conditions
Condoriri River basin has an area of 22.6 km 2 , located 37 kilometers northwest of La Paz city in Bolivia. It is situated between 4400 m and 5522 m above sea level, in the Central Andes. The river originates from the Condoriri Glacier and the Little Alpamayo Glacier, on the upper most reaches of the basin. Fig.1 shows the map containing the sampling points of this study. The Condoriri River basin is composed of the mainstream and three lakes (Khellual Khota, Chiar Khota, and Kallan Khota). The submerged aquatic vegetation in the Condoriri River is mainly composed of macrophytes and small amounts of periphyton and phytoplankton.
Measurements of meteorological conditions such as precipitation and solar radiation were carried out in the Condoriri River basin 5)6) . These parameters were measured at a meteorological station close to P4. By analyzing the measured data, we obtained the seasonal characteristic of the basin. The Condoriri River watershed is characterized by a marked seasonality of precipitation between wet seasons (September-April) and dry seasons (May-August) 7) . The total precipitation during wet and dry seasons was 624 mm and 19 mm, respectively, based on the observations from 
(2) Field work and analysis
Seven sampling points were set in the Condoriri River (P1-P7) as shown in Fig.1 . The field work was conducted to measure temperature in the stream water and to take samples of water and aquatic plants from the main river. This was repeated at the same locations during the dry (July, 2012 and August, 2013) and wet (February, 2013) seasons. Water temperature was measured using a multi-parameter portable water analyzer (Multi 3420, Xylem).
The discharge was measured for the estimation of the transport of nutrients in the river at each monitoring point. A hydrological station was equipped with a HOBO piezometer and a HOBO onset data logger (HOBO U20-001-01) at P4. The station recorded the atmospheric pressure, absolute pressure and water temperature with a 10 minutes temporal resolution. The hydrostatic pressure was estimated by the difference between the absolute and the atmospheric pressures. The hydrostatic pressure was converted into water depth and the water depth into discharge according to calibrated rating curves developed in a previous study 6) . The specific discharge and specific transport of nutrients were obtained from the catchment area, the discharge and the nutrient concentrations at each point.
For the analysis of total nitrogen (TN) and total phosphorus (TP), a 50 ml aliquot of unfiltered water sample was stored in a plastic bottle previously washed with water sample. The samples were transported and stored at 4°C in order to prevent biological reactions. TN and TP were measured using a TN-TP auto-analyzer (SWAAT, BL TEC K.K.) For the determination of the biomass, macrophytes were harvested from a quadrat of 50×50 cm 2 by hand 8) , from all the monitoring points (P1 to P7) in July (2012), February (2013) and August (2013). In the laboratory, plants were cleaned, separated by species, dried to constant mass (at 40°C) and weighed. In order to estimate the total area of vegetation coverage in the river, we roughly measured the area of the aquatic plants along the river. The analysis of nitrogen and phosphorus in sediments were carried out using the methodology proposed by the International Soil Reference and Information Centre (ISRIC) 9) .
(3) The macrophyte model
The macrophyte model in this study mainly deals with the submerged group of macrophytes and does 
b) Gross production rate
The daily photosynthetic or gross production rate P depends on water temperature (T), light intensity (I), nutrient concentrations (C i ), and the effective maximum photosynthetic rate:
where T i is the temperature limitation function, L i is the light limitation function, and O ik is the nutrient limitation function. P max is the maximum gross production rate 1) .
Temperature has an important effect on aquatic plant life. The Hill function describes the temperature dependence of photosynthesis. The coefficients were obtained from experiments at temperate temperatures and applied in macrophyte modelling 10)11)12) .
Temperature limitation is calculated by:
where T is the water temperature in ºC.
Irradiance levels are of great importance for aquatic plants growth. Macrophyte photosynthetic rates increase with increasing levels of light to a maximum level, beyond which the rate decreases. Light limitation is calculated by
where L i is the light limitation factor, I is the solar radiation (W·m -2 ) and H i is the half saturation light limitation constant obtained by experimentation 2) .
The Michaelis-Menten equation well describes the kinetics of nutrient uptake and is used in the gross production equation to determine nutrient limitation O ik :
where K is the half-saturation coefficient, and C i is the nutrient concentration. O ik ranges from 0 to 1. Since macrophytes usually use sediment as a nutrient supply, sediment plays an important role in macrophyte modelling.
We modified equation (5) in order to include the sediment influence, considering the equations proposed by Madden and Kemp 13) . In the proposed model, both sediment and water nutrient uptakes have been included in the growth and nutrient uptake formulations: ), and K SP is the half-saturation constant for the uptake of P S (roots) (mg·l -1 ). Coefficients were obtained from controlled experiments and succesfuly applied to the modelling of different species of macrophytes 13) . Equation (2) changes as
and values of f N (N W , N S ) and f P (P W ,P S ) range from 0 to 1. Maximum gross production rate 1) 0.42
Half saturation light limitation constant 2) 8.98
Half saturation constant for the uptake of N from the shoots 13) 0.08
Half saturation constant for the uptake of P from the shoots 13) 0.02
Half saturation constant for the uptake of N from the roots 13) 1.4
Half saturation constant for the uptake of P from the roots 13) 0.2
Specific respiration rate at 20 ºC 14) 0.001-0.05
Ratio of rates given a 10 ºC change in temperature 13) 2.57 -γ Maximum excretion rate 1) 0.012
Irradiance at maximum production 1) 152.36 N Death rate of non-predatory mortality 14) 0.001-0.01
I_9 c) Respiration rate Respiration rate can be calculated by the following equation:
where R is the respiration rate (d -1 ), R o is the specific respiration rate at a reference temperature of 20 ºC, T o is the initial water temperature in ºC, T is the final water temperature in ºC. Q 10 is the ratio of rates given a 10 ºC change in temperature 14) .
d) Excretion rate
Excretion rate E can be calculated by the following equation:
where γ is the maximum excretion rate, L is the light limitation using Steele's light function to account for supraoptimal light intensity inhibition, L sat is the irradiance at maximum production obtained experimentally 1) .
e) Death rate
The death rate of non-predatory mortality N at post-maximal biomass 14) considered in this work is 0.01 d , respectively. Water temperature varied from 2.1°C to 12.2°C in the dry season and from 2.3°C to 20.2°C during the wet season, due to the changes in the meteorological conditions in the basin 7) . Based on our observations and data from a previous study 5) , empirical relations were obtained for the estimation of water temperature and its variations with the distance from the edges of the glaciers. The relations are shown in Fig.4 .
RESULTS AND DISCUSSIONS
The average values and standard deviations of TN in water during wet season were 0.58 ± 0.35 mg·l -1 and during dry season were 0.37 ± 0.07 mg·l discharge and specific transport of nitrogen during dry and wet seasons were considered because of the variability of the measured data. Furthermore, an empirical relationship between the specific transport of phosphorus and specific discharge was established. With the previous considerations, we estimated the discharge and the concentrations of TN and TP at all the monitoring points in the basin. The following equations were used: ) and A 4 is the catchment area covered at P4. Q 4 was estimated with continuous air and water pressure data from the water level logger. ). Fig.6 shows the estimated values of water temperature, TN and TP compared with the measured data obtained in July (2012), February (2013) and August (2013). 
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monthly variations of the growth of the aquatic plants in the Condoriri River basin. The results are shown in Fig.7 . In the model results, the macrophyte biomass exhibited some variations from measurements especially at the monitoring points P1, P5, P6 and P7 during the wet season in February. This discrepancy between measurements and predictions seems to be caused by the increase of discharge in February as shown in Fig.3 (a) . The greater discharge had a dilution effect on nutrient concentrations; consequently, the growth of the aquatic plants was affected in the model. Maximum biomass estimated by the model varied from November at P5 to March at P7, due to the changes of nutrients, water temperature and discharge, and their influence on the growth of the aquatic plants.
CONCLUSIONS
The macrophyte model presented in this study could lead to improved predictions of the macrophyte biomass variations under extreme seasonal variability which is the principal characteristic of the tropical glacier ecosystems. To summarize the above findings: 1) Good agreements have been achieved between field measurements and model predictions of macrophyte biomass at most of the monitoring points. However, the accuracy was low during wet season. 2) Specific nutrient loading was related to biomass increment. High specific transports of TN (0.02 g·s ) were measured during the wet season, likely to be caused by the extreme difference of the total precipitation (624 mm during rainy season and only 19 mm during dry season). 3) Our findings enhanced the understanding of the impacts of physical and chemical factors on the macrophyte growth. Although the prospects of accurate predictive simulation of aquatic vegetation are poor, especially during wet season, relatively simple models like the one presented can be a useful tool in improving the theoretical framework for understanding the dominant mechanisms regulating submerged plant dynamics. The results of this study can be used as baseline information for present and future modelling of the river system.
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